In complex materials, how correlation between charge, spin, and lattice affects the emergent phenomena remains unclear. The newly discovered iron-based high-temperature superconductors and related compounds present to the community a prototype family of materials, where interplay between charge, spin, and lattice degrees of freedom can be explored. With the occurrence of structural, magnetic, and superconducting transitions in the bulk of these materials, creating a surface will change the delicate balance between these phases, resulting in new behavior. A surface lattice dynamics study on (001) Ba(Fe 1−x Co x ) 2 As 2 , through electron energy loss spectroscopy measurements, reveals unusual temperature dependence of both the phonon frequency and line width in the low-temperature orthorhombic phase. The rate of change of phonon frequency with temperature is gigantic, two orders of magnitude larger than in the bulk. This behavior cannot be explained using conventional models of anharmonicity or electron-phonon coupling; instead, it requires that a large surface-spin-charge-lattice coupling be included. Furthermore, the higher surface-phase-transition temperature driven by surface stabilization of the low-temperature orthorhombic phase seems to turn the first-order transition (bulk) into the second-order type, equivalent to what is observed in the bulk by applying a uniaxial pressure. Such equivalence indicates that the surface mirrors the bulk under extreme conditions. spin-lattice coupling | structure transition | magnetic ordering | surface versus bulk T he recent discovery of high-temperature superconductivity in layered iron-based compounds (1) has created enormous activity in the scientific community. One of the most intriguing aspects of these new compounds is the intimate coupling between spin and lattice, offering a wonderful platform to study and manipulate their relationship. The parent compounds (no disorder induced by doping) of the 122 family [Alkaline earth (A) Fe 2 As 2 ] exhibit a coupled magnetic and structural transition from the lowtemperature (LT) antiferromagnetic orthorhombic phase to a high-temperature (HT) paramagnetic tetragonal phase (2-4), which has the signature of being first order in the bulk. Fig. 1A shows the phase diagram for the compound of interest in this paper, Ba(Fe 1−x Co x ) 2 As 2 (3), where doping the parent compound (Co for Fe) lowers the transition temperatures and at x ∼ 2.2%, there seems to be a tricritical point beyond which the magnetic transition becomes second order (2, 4). The strong spin-lattice coupling in these systems (4-7), along with the presence of a tricritical point, creates an environment where either strongly firstorder or nearly second-order phase transitions may be observed. Creating a surface by cleaving these layered materials is a controlled way to tip the balance between competing phases, thus providing a unique opportunity to study the subtle aspects of the interactions between lattice and spin through charge. Important for this study is the fact that broken symmetry at the surface creates a significant enhancement in the spin-orbit coupling (8, 9) .
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Although the nature of the coupled transitions in BaFe 2 As 2 (Ba122) is still in debate, measurements on the sister compounds CaFe 2 As 2 (Ca122) and SrFe 2 As 2 show that the structural and magnetic transitions are discontinuous and hysteretic (i.e., a firstorder transition) (2, 4-6). One distinct signature of this coupled transition in the bulk, relevant to this study, is the change in energy and width of the phonon modes as a function of temperature (magnetoelastic coupling) (10) (11) (12) (13) (14) . Fig. 1A Inset shows the energy as a function of temperature for the A 1g mode (outof-plane As vibration) for Ba122 (12) , displaying a 0.7% jump to higher energy at the transition into the HT phase, always softer in the LT phase. This trend is in contrast to the modes in Ca122, where the transitions occur at a higher temperature and seem to be more intimately coupled. According to Raman spectroscopy measurements, the B 1g mode (out-of-plane vibration of Fe atoms) in Ca122 shows a 1.9% jump at the transition but to lower energy in the HT phase (14) . The phonon energy displays a large linear decrease as temperature increases in the LT phase, with a much smaller change in the HT phase. In many aspects, the result presented here is more consistent with the vibrational properties of Ca122 than Ba122. The surface transition temperature is higher than in the bulk mirroring that is seen in the bulk of Ba122 with the application of a uniaxial pressure (15) . The temperature dependence of the energy of the surface A 1g mode in the LT phase is gigantic, two orders of magnitude larger than in the bulk, a consequence of an enhanced surface spin-lattice coupling.
The close coupling between geometric and magnetic structure in these materials has been the subject of many theoretical papers, of which several are directly relevant to this study. Yin et al. (16) first noted the possibility of strong spin-phonon coupling and found that the magnetism is closely tied to the lattice deformation. Aktürt and Ciraci (17) predicted that phonon modes (associated with the motion of Fe-As) in the HT tetragonal phase of Ba122 will soften in the LT antiferromagnetic orthorhombic phase. This softening is not associated with the traditional mode softening driving structural transition. Yildirim (18) calculated the influence of Fe magnetic moment on the FeAs and As-As bonding, which changes dramatically as a function of magnetic moment, and pointed out that, through the spincharge-lattice coupling, spin may play a much more significant role than generally assumed. Mazin and Johannes (19) describe a model with dynamic twin and antiphase spin domain walls that seems to explain many experimental observations, including the temperature separation of the structural and magnetic transitions. Our recent scanning tunneling microscopy (STM) measurements show that the surface can stabilize these dynamic fluctuations at a structural antiphase boundary (20) .
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The authors declare no conflict of interest. loss spectroscopy (EELS) data presented here combined with STM (21) , is displayed in Fig. 1B . STM studies have shown that the surface stabilizes and enhances the orthorhombic structure throughout the whole range of doping relevant to superconductivity, while maintaining a superconducting gap characteristic of the bulk (21) . We report the temperature dependence of two phonon modes for two compositions of Ba(Fe 1−x Co x ) 2 As 2 with x = 0 and x = 0.05. As summarized in Fig. 1B , the observed surface transition temperature is appreciably higher than in the bulk, and the temperature dependence of the vibrational modes in the LT phase is dramatically different from in the bulk. An example is shown in Fig. 1B Inset, where the energy of the A 1g mode for the compound with x = 0 is displayed as a function of temperature, and should be compared with Fig. 1A Inset for the bulk mode. The surface surely has tipped the balance between the competing phases.
The technique used in this study is EELS, which is a highly surface-sensitive spectroscopic technique used to probe the dispersion of surface phonons (22) . Electrons generated at a cathode are monochromatized and focused onto a sample at energy E 0 . The backscattered electrons are both energy-and momentum-resolved. In this experiment, measurements are done in the specularly reflected direction, which means the momentum of the phonon is zero (i.e., the Brillouin zone center). In general, specular scattering probes only the surface infrared active modes. The details of materials preparation and characterization are described in SI Text. Fig. 2A displays an EELS spectrum from Ba(Fe 0.95 Co 0.05 ) 2 As 2 single crystals taken at an incident electron energy E 0 = 20 eV and a temperature of 46 K. Three phonon peaks are identified as Zω 1 , Zω 2 , and Zω 3 with energies 33.5, 26.5, and 14.0 meV, respectively. Based on the previous studies for the bulk (10-14, 17), we can identify these modes ( Fig. 2A Inset) : Zω 1 and Zω 2 are modes associated with Fe and As vibrations, corresponding to the bulk A 2u (out-of-plane Fe/As vibration) and the A 1g (out-ofplane As vibration), and Zω 3 seems to be related to the E u mode involving the in-plane stretching vibration of Ba atoms. Both the A 1g and E u modes are Raman active in the bulk but infrared active at the surface. The presence of the surface breaks the inversion symmetry present for the bulk A 1g mode. The background is a combination of the instrumental line shape and the Drude spectral weight, which is a measure of the electronic density of states near the Fermi energy (electron/hole excitation spectra). The dashed line is the Drude spectral weight background (SI Text). Fig. 2B displays the T dependence of the loss spectra for Ba (Fe 0.95 Co 0.05 ) 2 As 2 after removal of the background. All of the modes soften and broaden as temperature increases.
The data shown in Fig. 2B are fit to determine the energy and line width for the intense A 1g and A 2u modes (SI Text), with the results displayed in Fig. 3 . Fig. 3 A and C is for the energy, and Fig. 3 B and D is for the line width. A simple linear fit (dashed line) to the data in the two temperature regions gives a surface transition temperature of T S ∼ 65 K, higher than both the bulk structural transition for Ba(Fe 0.95 Co 0.05 ) 2 As 2 at 60 K and the magnetic transition at 45 K, as determined from the resistivity data shown in Fig. 3E . Fig. 4 shows the T dependence of the energy and line width of the Zω 1 and Zω 2 phonon modes for the parent compound BaFe 2 As 2 . Notice that the energy of each mode in the HT tetragonal paramagnetic phase is independent on doping level. comparison with the bulk A 1g mode and a fit using an anharmonic potential. Clearly, the transition temperature T S ∼ 150 K for both modes is considerably higher than the coupled bulk structural/ magnetic transition at 136 K (Fig. 4D Inset) . All of modes, for x = 0 and x = 0.05, exhibit strong T dependence in the LT phase but very gradual (normal) changes in the HT phase. dEðA 1g Þ=dT is ∼300 times larger at the surface than in the bulk (Fig. 4A) in the LT phase. The difference between the bulk and surface for x = 0.05 is probably even larger, because the temperature dependence in the bulk is very small (23) . Surprisingly, we do not see a discontinuous change in energy at the transition temperature as seen in the bulk (Fig. 1A Inset) , but with the enhanced line width of ∼9.5 meV (x = 0) at the transition temperature, the jump would have to be ≥5% to be resolved. The jump observed in the bulk of Ba122 (Fig. 1A Inset) is only 0.7% (12) . The equivalent number for the jump in Ca122 is 1.9% (14) .
Although the behavior in the HT phase is similar for both surface and bulk, there is a dramatic difference between the surface and the bulk in the LT phase. As clearly shown in Figs. 3 and 4, there is gigantic softening accompanied by a sharp increase in the line width for the surface phonon modes as temperature increases in the orthorhombic LT phase. Experiment and theory both show that the phonon modes in the bulk for Ba122 (associated with Fe-As vibrations) soften in the orthorhombic phase compared with the tetragonal phase (12, 17) but obviously, not at the surface. As stated previously, the modes for the surface of Ba122 look more like the bulk modes of Ca122 than Ba122. For comparison, we also plot in Fig. 4A the data for the A 1g mode in the bulk (12) (red solid line), originally displayed in Fig. 1A Inset. Both the surface and bulk modes are similar in the HT phase but very different in the LT phase. To illustrate the difference between the surface and bulk in the LT phase, one can compare the T variation of energy (E) and line width (Γ) of the A 1g mode in the parent compound:
is +58 μeV/K for the surface. The equivalent numbers for the bulk A 1g mode are only −0.27 and +13 μeV/K, respectively.
Before discussing the data shown in Figs. 3 and 4 , we would like to point out that the observed behavior cannot be caused by mixing of a surface Brillouin zone center phonon mode with the bulk dispersion of this mode in the direction perpendicular to the surface. Fig. 2B shows the energy and width of the bulk A 1g mode at 46 and 300 K for the undoped sample (12) compared with the experimental data for x = 0.05. Bulk Raman data show very little shift in energy with doping (23) . It is clear that the surface A 1g mode at LT is appreciably higher in energy than the bulk mode at the bulk Brillouin center. Although there is no bulk phonon dispersion measurement for this compound, it is not expected that such an optical mode would have appreciable dispersion in the direction normal to the plane of a layered material. Data for Sr 2 RuO 4 (24) and theoretical calculations for a cuprate (25) and an Fe-based superconductor (26) indicate almost no dispersion perpendicular to the plane. In addition, dispersion of the Ag mode in Sr 2 RuO 4 is to lower energy, which would not couple to the higher-energy surface mode. Thus, we believe that the observed behavior reflects the properties of the surface. Table 1 presents the characteristic values for the phonon modes at the surface and in the bulk (where data are available). In the LT phase, Table  1 as well. At 300 K, the energies of the surface modes are the same for the doped and undoped sample and the same as in the bulk for A 1g where data exist. For the undoped samples, there is a three-to fourfold increase in both dE dT ðHTÞ and d Γ dT ðHTÞ for the A 1g mode at the surface compared with the bulk. There is almost no dependence of these quantities on doping level for either mode. The only measurable dependence on doping in the HT phase is the width at 300 K. The modes in the undoped sample have approximately two times the width as in the doped sample, which is counter to the idea that Co dopant will create disorder but consistent with the differences in d Γ dT ðHTÞ. Historically, the change in energy and line width of a surface vibration mode with temperature has been modeled with a simple anharmonic potential, such as a Moorse potential (27, 28) . Although it is easy to explain the T dependence of the modes in the HT phase, the mode energy and width in the LT phase cannot be fit using such a simple approach. With an anharmonic potential, the energy between adjacent states is ΔE = E n − E n−1 = ð1 − 2X α nÞZω 0 , where X α is a dimensionless measure of the anharmonicity (29) . When fitting the temperature dependence of the data, there are two parameters, X α and Zω 0 . All of the results from the fitting are included in Table 1 . For an ordinary metal surface, such as Cu(110), X α is ∼0.032 compared with 0.015 in the bulk (27) . The fitting for the HT phase A 1g surface mode is shown in both (Fig. 4A) gives Zω 0 = 22.6 meV with X α = 0.004. These fits give a quite reasonable explanation for the T dependence of the HT modes. The surface has an enhanced anharmonicity as expected (27) , but the zero temperature mode energy Zω 0 is almost the same for the surface and bulk, and there is no variation with doping. However, the unusual phonon behavior in the LT phase cannot be explained with such a simple model. Fig. 3E is a plot of the T dependence of in-plane electrical conductivity measured from the single crystal used in this experiment (5% Co doping). Note that, with increasing temperature, conductivity increases until it reaches a maximum at ∼ 60 K and then decreases. Fig. 2A . It is quite apparent that there is almost no correspondence between the surface Drude weight (surface metallicity) and the bulk in-plane conductivity. However, if the Drude weight for the doped compound is compared with the in-plane conductivity for the parent compound (Fig. 4D  Inset) , the two are very similar. They fall rapidly as the temperature increases in the LT phase but are much less temperaturedependent in the HT phase. With the lack of a nonmonotonic T dependence of the Drude spectral weight (Fig. 3F) , we conclude that the surface magnetic and structural transitions occur at approximately the same temperature for x = 0.05 compound, which is what was implied in the surface phase diagram in Fig.  1B . The continuous nature of the temperature dependence of both energy and line width for x = 0 and x = 0.05 suggests the absence of a tricritical point at surface.
The dramatic phonon broadening and the sharp phonon softening as T → T S unambiguously indicate that the observed surface phonon modes have strong interactions with both charge and spin degrees of freedom. As shown in Fig. 3F , the Drude weight decreases rapidly with increasing temperature in the LT phase, indicating the decrease of spectral weight in low-energy electron-hole pair excitation. If the ordinary electron-phonon coupling (EPC; in the nonmagnetic case) is the only channel for phonon decay through electron-hole pair excitations, thus causing phonon broadening, one would not anticipate such a substantial increase of phonon line width as T → T S . In a simple approximation, the probability of phonon decay through EPC is proportional to magnitude of the low-energy electron-hole pair excitations. In Fe-based superconductors, recent theoretical studies indicate that the EPC is weak (30) , and angle-resolved photoemission spectroscopy (ARPES) data do not show a large renormalization of the bands near the Fermi energy (31) . Another channel for phonon decay is associated with a strong spinphonon interaction, such that the change of spin structure may significantly renormalize the phonon energy and lifetime. Because the two phonon modes discussed here are in the As-Fe layer associated with the magnetic ions, spin-charge-lattice coupling should be included, caused by the modulation of the spin exchange integral by lattice vibrations (32) (33) (34) (35) (36) . It should be pointed out that one cannot talk about spin-phonon interaction without the involvement of EPC (35, 36) or spin-orbit coupling (37) .
Spin-phonon coupling exists throughout the whole temperature range but only induces a coherent shift of phonon energy in the magnetically ordered phase. When T > T S , the coupling goes incoherent, which results in (i) large phonon peak broadening (incoherence shortens the phonon lifetime) and (ii) anharmonicity-induced broadening that dominates the temperature dependence of phonon modes in the HT paramagnetic phase. In BaFe 2 As 2 , the displacement patterns of both A 1g (As antiphase vibration) and A 2u (mixed Fe/As vibration) modes Table 1 . Data for the energies, widths, and temperature-dependent changes in the surface and corresponding bulk phonon modes A 1g and A 2u (12, 14) dE=dT ðLT Þ (μeV/K) distort the Fe-As-Fe bond angles, which are involved in the J 1a and J 1b exchange integrals. All of the short-range exchange integrals between Fe ions occur through the As orbitals. Any phonon with the lattice vibration in the Fe/As layer should transmit the magnetic interaction and simultaneously modulate the phonon behavior. In the paramagnetic phase with no spin ordering and only the incoherent spin-phonon interaction, the weak temperature dependence of energy reflects only the contribution of anharmonicity. As soon as the system enters the magnetically ordered phase, marked effects caused by magnetic exchange interactions in phonon behavior are expected. This feature is in accordance with other studies of Ba(Fe 1−x Co x ) 2 As 2 (18) and LaFeAsO (19) , which show strong coupling of the phonon spectra with the magnetic moment of Fe sublattices. Our data indicate that such coupling is enhanced at the surface. Evidently, the surface amplifies the spin-lattice coupling, leading to a stronger phonon anomaly than in the bulk. As mentioned previously, the presence of a surface enhances the orthorhombicity, which promotes both spin ordering and spin-orbit coupling. Therefore, there is a surface-enhanced magnetoelastic interaction in the LT phase, leading to the higher structural/ magnetic transition temperature at the surface (T S = 65 K for x = 0.05 and 150 K for x = 0).
The obvious question is why the surface induces gigantic changes in lattice dynamics for Ba(Fe 1−x Co x ) 2 As 2 . The first clue comes from a neutron scattering study of the effect of uniaxial pressure on the coupled structural/magnetic-phase transition in BaFe 2 As 2 (15) . The application of a critical pressure of 0.7 MPa, beyond the pressure needed to detwin the sample, dramatically increases the structural transition temperature (∼147 K) accompanied by the onset of long-range magnetic ordering at the same temperature. As shown above, the surface transition temperature for BaFe 2 As 2 is very close to the temperature observed by the application of a uniaxial pressure. Although it is difficult experimentally to quantify the induced strain along all directions by creating the surface, the observation of surface-enhanced orthorhombicity suggests that the surface behaves similarly to the bulk sample under uniaxial pressure, increasing the structural transition temperature concomitant with long-range magnetic ordering, both with second-order-like characteristics (15) . The second clue is the dramatic 10-fold increase in the line width in the HT phase at 300 K for the A 1g mode (column 8 in Table 1 ).
This observation is a clear indication that the spin-lattice coupling through incoherent spin fluctuations is an order of magnitude higher at the surface, dramatically decreasing the lifetime of the mode. To illustrate this behavior, Fig. 4B shows the line width measured for the A 1g mode in the bulk (12) normalized to the surface line width at 300 K (Table 1) . If, by the application of a uniaxial pressure in the bulk, the spin-lattice coupling could be increased to what it is at the surface, the bulk would look like the surface. The final observation is that the presence of the enhanced orthorhombicity at the surface stiffens the LT modes appreciably. An extrapolation of the energy of the surface A 1g mode to T = 0 K for the parent compound gives Zω 1g (T = 0 K) = 36.7 meV compared with the bulk energy of 22.44 meV. Everything that we observe can be rationalized with increased spinlattice coupling, coherent in the LT phase. The differences in the doped sample must again reflect a decrease in the spin-lattice coupling at the surface because of Co doping. For example, Zω 1g (T = 0 K) = 33.0 meV is lower for x = 0.05, and its line width at 300 K is only 46% of the linewidth of the parent compound.
In conclusion, EELS results reveal dramatic temperature dependence both in the energy and width of the two dipole-active modes A 1g and A 2u in the LT phase of both the parent and Codoped BaFe 2 As 2 . This behavior is in contrast to the behavior of these phonon modes in the HT phase, which is nearly identical to the bulk and can be explained within a simple anharmonic potential model. The surface transition temperature T S is higher than in the bulk, most likely driven by the strain induced by creating a surface. The surface strain enhances orthorhombicity, raises the transition temperatures, and restores the concomitant magnetic and structural transitions, even for x = 0.05 Co doping. These features mirror the bulk properties under uniaxial stress (15) . Hence, our surface measurements resolve the question of the origin of the increase in magnetic ordering in the bulk under the application of a uniaxial pressure. It is a consequence of strong spin-lattice coupling in this system.
